Indications for full thickness chest wall resection and repair include primary tumors like chondro-or osteosarcoma, extensive metastatic disease with direct invasion, post-traumatic or postsurgical alteration and herniation, infection and radiation-induced necrosis.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6]\]

A wide range of synthetic, biological, autologous and even bioartificial materials are available, and mostly chosen on the basis of the surgeon\'s experiences and preferences.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6][@ref7][@ref8]\]

Reported disadvantages of synthetic materials include secondary wound infections in upto 6% of cases, graft dehiscence, seroma formation, insufficient tensile strength, long-term deterioration of lung elasticity and respiratory failure.\[[@ref6][@ref9]\] Even though reliance on autologous grafts reportedly improves overall outcome, it tends to significantly lengthen duration of procedure due to mobilization of muscle flaps.\[[@ref8]\] Bioartifical materials may overcome most of the aforementioned shortcomings, but are still to be considered as largely experimental at this stage.\[[@ref7]\]

Ideally, a material for chest wall replacement should be characterized by good tensile strength, elasticity, ease of use, ready availability and high biocompatibility. Additionally, optimal bio-incorporation would induce few to no postsurgical adhesions, thus facilitating eventual redo-procedures.

Novel composite polypropylene (Parietene ®, Covidien, Mansfield MA, USA) and polyester (Parietex ®, Covidien, Mansfield MA, USA) meshes implanted in laparoscopic hernia repair reportedly lead to fewer and less dense visceral adhesions.\[[@ref10][@ref11]\] Additionally, macroporous meshes often are preferred because large pores permit infiltration of macrophages and allow rapid fibroplasia and angiogenesis, with reduced infiltration and growth of bacteria.\[[@ref12][@ref13]\] A potential drawback of macroporous meshes is an increased risk of visceral adhesions to the site of the repair as a result of fibrin deposition.\[[@ref12][@ref13]\] As shown for an intra-abdominal model, in a clean environment antiadhesive coatings reduce adhesion formation to macroporous meshes and they may even be suitable for implantation in infected surgical sites.\[[@ref14]\] As no published experience for full thickness chest wall resection and reconstruction with these meshes exists, we sought to examine their ingrowth pattern and bioincorporation as compared to uncoated polypropylene. Conventional polypropylene meshes are widely adopted due to ease of use and low cost. They are still generally accepted as gold standard in chest wall reconstruction as they typically provide semi-rigid fixation and good skeletal support when sutured under tension. These materials are also used for their good in-growth and pliability\[[@ref15]\] and thus were deemed as ideal control in our study.

Methods {#sec1-1}
=======

We obtained approval from our local Committee for Animal Care and adhered to the guidelines on animal experimentation. The experiments were conducted on 15 adult domestic pigs (Deutsche Landschweine; W&P Agrarhandels GmbH Oberheldrungen Thüringen, Germany) weighing between 40-60kg. After premedication with azaperon (2mg/kg (Stresnil®; Jansen Cilag, Neuss, Germany)) and atropine (0.05 mg/kg (Atropinsulfat®; B. Braun, Melsungen, Germany)) general anaesthesia was induced with ketamine 10% (0.2 ml/kg (Ketanest ® S; Pfizer, Berlin, Germany)) and xylazine 2% (0,1ml/kg (Rompun ®; Bayer, Leverkusen, Germany)) and up kept with fentanil (0.005 mg/kg (Fentanyl; Janssen Cilag, Germany)) midazolam (0,05mg/kg (Dormicum ®; Roche, Germany) and isofluorane (Isofluran; Baxter, Germany)). All surgical procedures were performed under endotracheal intubation and mechanical ventilation (Siemens servo 900c ventilator, Siemens-Elema, Solna, Sweden) with an inspirational oxygen fraction (FiO~2~) of 50% after complete muscular relaxation (pancuronium bromide (0.1 mg/kg). Lactated Ringer΄s solution was infused at a rate of 20 ml/kg/h.

In left lateral decubitus a 15 cm lateral thoracotomy in the 5th intercostal space was performed. After resection of 4 rib segments on a length of 10cm, we reconstructed the resulting defect with either composite (Parietene ® (*n* = 5) PTE, Parietex ® (*n* = 5) PTX; Covidien, Mansfield MA, USA) or conventional polypropylene (Bard ® Mesh (*n* = 5) BM, C. R. Bard, Germany) synthetic meshes \[[Table 1](#T1){ref-type="table"}\]. The utilized composite meshes are based on a macroporous three-dimensional polyester (Parietex) or polypropylene structure (Parietene) unilaterally coated with a hydrophilic porcine collagen/ polyethylene glycol/ glycerol compound while an uncoated polypropylene mesh (Bard) was used as control. In all animals an optimal implantation was feasible through conventional techniques, relying on running sutures with non absorbable stitches. A temporarily placed chest tube was removed once soft tissue reconstruction and dermal closure were achieved.

###### 

Characteristics of explanted mesh (PTE = Parietene Composite, PTX = Parietex Composite) with macroscopically observable perigraft fibrosis, signs of local infection, tensiometric analysis (peak peal strength required for lung/mesh separation expressed in N) and degree of adhesion formation observed on VAS (from 0 = no adhesion to 4, maximum adhesion)
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Postoperative routine antipyretic treatment (ASS 100 mg/d) was administered for the first 10 days and all animals survived our planned observation period of 90 days. Thereafter all animals were sacrificed through a lethal injection of embutramide (75 mg/kg (T61®, Intervet GmbH, Schwabenheim, Germany)) and underwent a video-assisted assessment of intrathoracic adhesions. Encountered adhesions were classified from 0 to IV based on the Zühlke-classification:\[[@ref16]\] 0 = no adhesions, I = filiform strands and thin adhesions, II = beginning vascularization with thin and thick strands, III = thick strands and widespread adhesions, IV = dense and widespread adhesions. To this purpose, the thoracic cavity was accessed through a 2 cm incision located 8-10 cm under our original thoracotomy and the field of view was inspected through a 30° DOV telescope (Olympus; Hamburg, Germany). Subsequently, the original thoracotomy was re-accessed and a total of 3 × 2 × 2 cm^3^ portions of each mesh were excised. Under tensiometric control (PCE FG200, PCE Arnsberg, Germany) respective mesh areas were harvested from the surrounding tissue and the required force of pull was recorded in Newton. For each single specimen mean values were calculated using a standard software solution (Excel, Microsoft, Redmond WA, USA).

Results {#sec1-2}
=======

No critical events were encountered during our surgical procedures and continuous pulse oximetry confirmed oxygen saturation levels \>95% at any time. All animals survived the entire observation period of 90 days without encountering major adverse events, including clinical signs of flail chest. On explantation, either partial or complete patch dislocations were observed in 4 animals (*n* = 2 PTX, *n* = 2 PTE) with additional macroscopic signs of local infection (mainly pus) in 3 of our 15 animals (*n* = 2 PTE, *n* = 1 BM). Interestingly, no animal had telltale symptoms of septicaemia or even discernable evidence of chest wall infection like swelling, hyperthermia or tenderness. Furthermore not a single case of postoperative bleeding, seroma formation or secondary lung erosion was encountered.

On VATS-assessment, the strongest adhesions were observed in our PTX-Group (median 3, range 1-3), while PTE (median 2, range 0-3) and BM (median 2, range 1-2) showed comparable results. Post-surgical perigraft-fibrosis, as documented prior to explantation, was strongest in BM, with 2 out of 5 meshes presenting signs of massive fibrosis. Both brands of composite grafts were characterized by little to no fibrotic reaction with surrounding tissue.

Tensiometric analyses of peak peal strength required for lung/ mesh separation were partially contradictory, being lowest in BM (mean 1.25N, range 0.85-1.7) and increasing for both PTE (mean 2.2N, range 0.9-3.1) and PTX (mean 2.7N, range 0.9-3.1). All findings are summarized in [Table 1](#T1){ref-type="table"}.

Discussion {#sec1-3}
==========

Even though a wide range of synthetic, biological, autologous and even bioartificial materials is available for chest wall repair, the choice of optimal replacement graft remains difficult.\[[@ref2][@ref3][@ref5][@ref6][@ref7]\] Ideally, the adopted material should have high tensile strength, elasticity, longevity, ease of use, high biocompatibility and low affinity to bacterial adhesion. A good secondary incorporation into adjacent tissue could limit calcification and fibrosis, thus reducing adhesion formation between chest wall and lung and possibly facilitating redo-procedures. Even though extensive adhesions may potentially prove to be beneficial by preventing pneumothorax formation, they may engender secondary complications like long-term onset of restrictive lung disease\[[@ref6]\] and render redo-procedures far more challenging.

Especially in paediatric patients bio-artificial grafts with intrinsic growth potential may constitute a viable alternative in the near future. Unfortunately, routine clinical implementation is not yet foreseeable.\[[@ref7]\] Procedures with muscle transfer techniques (*Musculus latissimus dorsi*, *Musculus rectus abdominis*) lead to overall good clinical results due to reliance on autologous materials, but tend to significantly lengthen overall operating time and often require implementation of microvascular techniques.\[[@ref17]\] Even though biological materials may prove a viable alternative, at present no real long-term data is available.\[[@ref6]\]

Currently, the most widespread meshes are made of synthetic materials like polypropylene or polytetrafluoroethylene (Gore-Tex®). Reported side effects range from secondary infection, to dehiscence and seroma formation.\[[@ref3][@ref18]\] Additionally, reported complications for chest wall reconstruction with synthetic materials include respiratory failure due to altered lung elasticity, long-term onset of restrictive lung disease, chronic pain, haemorrhage and secondary lung erosion.\[[@ref6]\]

Novel composite materials like polyester (Parietex ®, Covidien, Mansfield MA, USA) or polypropylene (Parietene ® composite, Covidien, Mansfield MA, USA) meshes with hydrophilic coating have been successfully introduced in laparoscopic hernia repair.\[[@ref10][@ref11][@ref19]\] A macroporous three-dimensional polyester knit structure supposedly facilitates tissue ingrowth and contemporarily a hydrophilic porcine collagen/ polyethylene glycol/ glycerol-coating may lead to fewer post-surgical adhesions,\[[@ref11]\] even though hydrophilic coating does not completely prevent adhesion formation.\[[@ref20]\] Similar observations were made for ePTFE-grafts with two distinct surfaces (DualMesh ®, W. L. Gore, Flagstaff AZ, USA), whose mechanical properties promote unilateral bioincorporation and contralaterally supposedly impede adhesion formation.\[[@ref21]\] Even though macrophages absorb the collagen layer of a Parietex ® composite mesh by 30 days and are no longer present afterwards, they are replaced by fibroblasts, which possibly explain an increased adhesion formation yet absence of visceral adhesions up to 30 days after implantation.\[[@ref22]\] This remarkable property is not yet completely understood, but has been confirmed by other work groups.\[[@ref22]\] Interestingly, adhesions assessed through VATS-exploration were strongest in our PTX-Group while PTE and BM showed comparable results. Even though we expected less and fewer adhesions in composite materials, tensiometric analyses of peak peal strength confirmed this initial impression with lower values in BM than for PTE and PTX. On a side note, VATS-exploration and pleurolysis appeared to be easiest in animals that received composite materials, but these impressions were not quantifiable. This may suggest good overall bioincorporation of both composite materials with post-surgical perigraft-fibrosis being strongest in BM as well. On the other hand we could not conclusively demonstrate an inhibiting effect of hydrophilic coating on adhesion formation, which is in line with observations made by other groups in laparoscopic models.\[[@ref20]\]

Other previously described benefits of composite meshes include decreased infection risks.\[[@ref12][@ref14]\] If a mesh is used in a contaminated environment, consensus exists that a biological collagen mesh or a synthetic macroporous, monofilament mesh may be advantageous.\[[@ref12][@ref23]\] Macroporous Parietene ® Composite meshes had a low risk of infection in an animal model,\[[@ref14]\] which was explained by large pores allowing admission of macrophages, fibroplasia and angiogenesis, which in turn improves the ability to clear infection.\[[@ref14]\] In this series coated materials did not appear to prevent infection, even though the PTX-Group was the only one without infected grafts on explantation.

Our results, including secondary infection rate and overall clinical outcome, were generally in line with previously published data. Most publications focus on abdominal hernia repair and at this point only a very limited experience with composite materials for chest wall resection exists.\[[@ref24]\] Despite being limited by a small sample size and mostly observational data, this study confirms a good overall biointegration and limited perigraft-fibrosis for both composite meshes. Clear cut benefits of novel materials over conventional grafts could not be described and should be further investigated.

Conclusion {#sec1-4}
==========

At this point we consider composite grafts a viable alternative for chest wall reconstruction. These materials appear to be characterized by good overall biointegration and limited perigraft-fibrosis, thus potentially facilitating redo-procedures. Diverging from intraperitoneal findings by other groups, we could not confirm that a hydrophilic coating *per se* does prevent either intrathoracic adhesion formation or postsurgical infection. Further investigation is warranted.
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